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-__ INTRODUCTION.--  The o b j e c t i v e  of our  r e s e a r c h  program i s  t o  de te rmine  t h e  na tu re  
O f  t he  singly-bonded connec t ing  l i n k s  between the  condensed aromat ic  and hydroaromatic 
r i n g  systems i n  I l l i n o i s  No. 6 c o a l .  
g re s sed .  We s t a r t e d  wi th  s e p a r a t e  i n v e s t i g a t i o n s  of (1) t h e  t o luene - inso lub le ,  p y r i -  
d ine-so luble  (TIPS) f r a c t i o n  (about  213) of t he  16% of t h i s  c o a l  t h a t  can  he  e x t r a c t e d  
by Pyr id ine  and (2)  t he  84% t h a t  i s  i n s o l u b l e .  We have used t h e  TIPS f r a c t i o n  a s  a 
model f o r  t h e  i n s o l u b l e  f r a c t i o n  and have i n v e s t i g a t e d  s e v e r a l  c leavage  r e a c t i o n s  by 
changes i n  molecular weight ,  a l l  a t  tempera tures  a t  O K  below 50" t o  avo id  changgs i n  
the  carbon ske le ton .  (1) 
be reduced t o  about  1 / 3  of t h e  i n i t i a l  va lues  by c leavage  of e t h e r  and ester groups .  
However, such r e a c t i o n s  have succeeded i n  d i s s o l v i n g  only  about  10% of t h e  py r id ine -  
i n s o l u b l e  f r a c t i o n  and t h e r e f o r e  much of t h e  e f f o r t  desc r ibed  i n  t h i s  paper  was d i r e c t e d  
toward d i s so lv ing ,  by ox ida t ion ,  the  maximum propor t ion  of t h e  py r id ine - inso lub le  f r ac -  
t i o n  wi th  a minimum loss of carbon,  f o r  f u r t h e r  chemica l  and spec t roscop ic  i n v e s t i g a t i o n .  

wi th  benzylamine (BnNH2) a t  100" would d i s s o l v e  a n  a d d i t i o n a l  14% of t h e  c o a l  (on the  
o r i g i n a l  unext rac ted  c o a l )  and then  t h a t  e thy lene  diamine + d ime thy l su l fox ide  would 
d i s s o l v e  an  a d d i t i o n a l  15%, t o  produce e x t r a c t s  t h a t  were l a r g e l y  o r  e n t i r e l y  s o l u b l e  
in p y r i d i n e ,  and i n s o l u b l e  f r a c t i o n s  t h a t  would s w e l l  t o  i n c r e a s i n g  e x t e n t s  i n  py r id ine .  
This  p rogres s  r e p o r t  a l s o  inc ludes  some o x i d a t i o n s  of BnNH,-extracted c o a l ,  c a r r i e d  o u t  
w i th  t h e  i d e a  t h a t  the  sma l l e r  and less t i g h t l y  c r o s s l i n k e d  i n s o l u b l e  f r a c t i o n  should  
l o s e  less carbon on ox ida t ion .  

The p r i n c i p a l  products  of  a l l  of OUT o x i d a t i o n s  are b l a c k  a c i d s ,  s p a r i n g l y  b u t  
completely s o l u b l e  i n  water a t  pH 7 o r  above t o  g i v e  da rk  s o l u t i o n s ,  and a lmost  com- 
p l e t e l y  i n s o l u b l e  a t  pH 3 OK below. Other p roduc t s  a r e  l i gh t - co lo red  a c i d s  t h a t  are so 
s o l u b l e  t h a t  they are d i f f i c u l t  t o  s e p a r a t e  from sodium c h l o r i d e ,  and und i s so lved  coa l .  
Y ie lds  are g iven  on t h e  b a s i s  of carbon recovery  and the  l o s s  is  most ly ,  and assumed t o  
be wholly,  carbon d iox ide .  

c a r r i e d  ou t  i n  s t e p s ,  a t  t h e  ends of which the  undisso lved  m a t e r i a l  was e x t r a c t e d  wi th  
d i l u t e  aqueous base ,  o f t e n  a t  6 0 " ,  wi th  s e p a r a t i o n s  by c e n t r i f u g i n g ,  u n t i l  t h e  washings 
became l igh t - co lo red .  The i n s o l u b l e  m a t e r i a l  w a s  then  r eox id ized ,  bu t  on ly  a f t e r  dry ing  
i n  t h e  K-0-t-Bu exper iments .  A l l  the  s o l u b l e  material w a s  combined, f i l t e r e d  through a 
very  f i n e  f r i t t e d  f i l t e r ,  concen t r a t ed  a t  about  20 t o r r ,  a c i d i f i e d ,  c o l l e c t e d ,  washed 
wi th  very  d i l u t e  H C 1 ,  and d r i e d .  Oxida t ions  wi th  oxygen were followed by oxygen absorp- 
t i o n . ( 2 )  Oxida t ions  wi th  aqueous NaOCl (household b leach)  w e r e  c a r r i e d  o u t  w i th  g radua l  
a d d i t i o n s  o f  r eagen t  t o  the bottom of t he  r e a c t i o n  tube ,  where t h e  c o a r s e s t  m a t e r i a l  
would c o l l e c t .  The r e a c t i o n  i n  a 30' ba th  w a s  fo l lowed by t h e  amount of  5N NaOH r equ i r ed  
t o  ma in ta in  the  pH a t  1 3  (about 0 .5  NaOH/NaOCl consumed), o r  by t h e  s e l f - h e a t i n g  on addi -  
t i o n  of NaOCl con ta in ing  t h i s  p ropor t ion  of  NaOH i n  a d d i t i o n  t o  t h a t  r equ i r ed  t o  b r i n g  
the  pH of t h e  N a O C l  s o l u t i o n  t o  pH 13.0. The r a t e  of o x i d a t i o n s  decreased  as the spen t  
N a O C l  s o l u t i o n  accumulated.  I n  t h e  HNOe o x i d a t i o n s ,  t h e  ac id  w a s  removed by wa te r  wash- 
ing  of the  in so lub le  c o a l  a f t e r  each  s t e p  and the  s o l u b l e  m a t e r i a l  was then  e x t r a c t e d  
wi th  aqueous base .  
washings.  

I n  gene ra l ,  the  water -so luble  a c i d s  were determined from the  carbon c o n t e n t s  of 
t he  d r i e d  acid-NaC1 washings but  i n  a n  experiment s i m i l a r  t o  NaOCl ox ida t ion  3 ,  t h i s  
r e s idue  was methylated and t h e  p ro ton  NMR was determined i n  ch loroform:  26% methoxy, 
38% o the r  a l i p h a t i c ,  21% benzyl and 15% a romat i c .  When t h e s e  r e s u l t s  a r e  r e c a l c u l a t e d ,  
s u b s t i t u t i n g  H atoms f o r  methyl in methoxy, t h e s e  a c i d s  would con ta in  11% carboxy l  and 
phenol hydrogen atoms, and a l i t t l e  more a l i p h a t i c  than  benzyl  p l u s  a romat ic  hydrogen 
atoms. Fu r the r ,  a f e w  mi l l ig rams of n e a r l y  c o l o r l e s s  o i l  was i s o l a t e d  from t h e  e s t e r s  
by m i c r o d i s t i l l a t i o n ;  mic roana lys i s  gave 48.36% C ,  5.23% H ,  1.1% N, and H / C  = 1.29 .  

Our approach h a s  evolved a s  the  work has  pro- 

We conclude t h a t  t h e  number-average molecular  weights (M,,) can 

I n  t h e  course  of t h i s  work, w e  found t h a t  e x t r a c t i o n  of t h e  py r id ine -ex t r ac t ed  c o a l  

EXPERIMENTAL.-- To minimize f u r t h e r  ox ida t ion  of d i s so lved  m a t e r i a l ,  r e a c t i o n s  were 

The water -so luble  o rgan ic  p roduc t s  were recovered  from the  HMO3 
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T h i s  H / C  r a t i o  is s u r p r i s i n g l y  low f o r  methyl esters of an  a c i d  con ta in ing  mostly 
a l i p h a t i c  and benzyl  groups  and i s  c o n s i s t e n t  w i th  earlier sugges t ions  t h a t  I l l i n o i s  
No. 6 coa l  (3) and Wyodak so lven t - r e f ined  c o a l  ( 4 )  con ta in  condensed a l i c y c l i c  r ings .  

of t h e  e x t r a c t e d  c o a l ,  -325 U.S. mesh w i t h  py r id ine -ex t r ac t ed  c o a l ,  -60 mesh wi th  
BnNH,-extracted c o a l .  However, t h e  f i n e s t  m a t e r i a l  would o x i d i z e  f i r s t  and f a s t e s t  
and t h e  c o a r s e r  r e s i d u e  w i t h  BnNH,-extracted c o a l  w a s  o f t e n  d r i e d  and ground between 
s t e p s .  Rates are compared i n  Table  1. 

30°C i s  obvious ly  exothermic  and t o o  f a s t  t o  measure convenient ly .  
ox ida t ion  i s  w i t h  oxygen and K-0-t-Bu i n  d imethyl  s u l f o x i d e  (DMSO) a t  30" b u t  t h i s  
rate depends on t h e  amount of base  p r e s e n t .  The rates of ox ida t ion  dec rease  a s  t he  
base  i s  consumed and e v e n t u a l l y  r each  a nea r ly  cons t an t  r a t e ,  about  0.25 mmole 02/hour  
i n  21 g of DMSO s o l u t i o n ,  n e a r l y  independent  of t h e  amount of c o a l  l e f t  i n  suspens ion  
between 0 . 1  and  1.0 g. The rate is r e s t o r e d  t o  a s  h igh  as 20 mmole 0 2 / h r  by a d d i t i o n  
of more K-0-t-Bu. However, most o f  t h e  b lack  a c i d s  produced are i n s o l u b l e  i n  DMSO and 
must b e  washed o u t  w i t h  wa te r .  Then t h e  i n s o l u b l e  c o a l  must be  d r i e d  be fo re  t h e  next  
s t e p .  

are nex t  f a s t e s t .  S lowes t  are o x i d a t i o n s  6 and 7 w i th  oxygen i n  py r id ine  wi th  azo- 
bis(2-methylpropionitrile) as i n i t i a t o r  and t-BuOZH as  promoter.(2) These ox ida t ions  
are s e l f - r e t a r d i n g .  

p e r s i o n  of p y r i d i n e  e x t r a c t  i n  water. The TIPS f r a c t i o n  was d i s so lved  i n  py r id ine  and 
p r e c i p i t a t e d  by wa te r ,  then  washed w i t h  water  and c o l l e c t e d  by cen t r i fug ing .  The N a O C l  
ox ida t ion  was f a s t .  The oxygen o x i d a t i o n  w a s  slow and became s lower ;  a f t e r  t h r e e  s t e p s ,  
52.3% of t h e  C remained undisso lved  and 11.1% had been l o s t  as C02. The recovered 
TIPS f r a c t i o n  was r e d i s p e r s e d  i n  water by way of  a py r id ine  s o l u t i o n  and then  oxid ized  
much f a s t e r  and n e a r l y  comple te ly ,  w i t h  l i t t l e  l o s s .  The s i g n i f i c a n c e  of t h e s e  r e s u l t s  
is  no t  c l e a r .  

c u s s i n g  the  r e l a t i o n s  between the  o x i d i z i n g  agen t s  and cond i t ions  and the  products  of 
ox ida t ion ,  s e v e r a l  f a c t o r s  should  b e  cons ide red .  

(1) S u b s t r a t e .  With bo th  N a O C l  (20  and 23)  and O2 ( 2  and 9 ) ,  BnNH,-extracted 
c o a l  gave l e s s  b l ack  a c i d s  and more l o s s e s  than  py r id ine -ex t r ac t ed  c o a l .  The TIPS 
f r a c t i o n  o f  py r id ine - so lub le  e x t r a c t  r e a c t e d  more comple te ly  and gave h ighe r  y i e l d s  of 
b l ack  a c i d s  than  t h e  e x t r a c t e d  c o a l  w i t h  e i t h e r  ox id i z ing  agen t .  

pH r e a c t i o n  o f  a c i d i c  hydrogen whose r a t e  i n c r e a s e s  w i t h  pH and toward which the  b lack  
a c i d s  a r e  r e l a t i v e l y  s t a b l e ,  and a n  u n s e l e c t i v e  low-pH r e a c t i o n  t h a t  i nvo lves  a l a r g e  
v a r i e t y  of o rgan ic  s u b s t r a t e s ,  i n c l u d i n g  b l ack  a c i d s ,  and ends wi th  ox ida t ion - s t ab le  
ca rboxy l i c  a c i d s .  The s e l e c t i v e  mechanism probably  invo lves  hypoch lo r i t e  ion, the  
o t h e r ,  unionized HOC1, c h l o r i n e ,  o r  t h e  in t e rmed ia t e  i n  t h e  NaOC1-NaC10, d i spropor-  
t i ona t ion . (3 )  
oxygen a l s o  increases w i t h  pH nea r  pH 1 3  and becomes very  f a s t  i n  DMSO i n  t h e  presence  

Rates of Oxidation.--  Ra te s  of ox ida t ion  depended on the  s t a t e  of subd iv i s ion  

The i n i t i a l  r e a c t i o n  o f  0.7M N a O C l  w i th  w e t  py r id ine -ex t r ac t ed  c o a l  a t  pH 13  and 
The next  f a s t e s t  

Oxida t ions  w i t h  oxygen i n  suspens ion  i n  water a t  pH 1 3  and wi th  34% n i t r i c  ac id  

N a O C l  No. 2 1  and oxygen No. 8 were run wi th  d i f f e r e n t  p o r t i o n s  of the same d i s -  

Products  of Oxida t ion . - -  P roduc t s  of o x i d a t i o n  are desc r ibed  i n  Table  1. I n  d i s -  

(2)  B a s i c i t y .  N a O C l  appea r s  t o  r e a c t  by two mechanisms (3 ) ,  a s e l e c t i v e  high- 

The r a t e  of o x i d a t i o n  o f  a water suspens ion  of e x t r a c t e d  c o a l  w i th  

of  K-0-t-Bu. 
( 3 )  Y i e l d s  of  Black Acids .  S u p e r f i c i a l l y ,  a l l  t he  b l ack  a c i d s  a r e  s i m i l a r  i n  

c o l o r  and s o l u b i l i t y .  The y i e l d s  are l i m i t e d  by t h e  amount of c o a l  t h a t  o x i d i z e s  s u f f i -  
c i e n t l y  t o  d i s s o l v e  i n  weak base ,  t h e  loss of  ca rbon ,  presumably as C02, and t h e i r  lower 
r e s i s t a n c e  t o  f u r t h e r  o x i d a t i o n  by NaOCl below pH 12 .  

ox ida t ion  Of py r id ine -ex t r ac t ed  c o a l  by NaOCl a t  pH 10 (No. 3) r e s u l t s  i n  a l a r g e  i n -  
c r e a s e  i n  carbonyl .  a preferential l o - s  nf  Z r n r n Z c i c  c;rrbnn, g+ l a r e p  i n c v p a ~ p  i n  

H / C  i n  t h e  b l ack  a c i d s  formed. I n  b l a c k  a c i d s  formed wi th  less l o s s  of carbon,  changes 
i n  H/C r a t i o s  and i n  s o l i d  s t a t e  I 3 C  NMR s p e c t r a  are sma l l e r ,  b u t  t h e  product  of HNOs 
ox ida t ion  1 has  t h e  most a romat i c  and carbonyl  carbon,  t h e  l e a s t  e t h e r  and a l c o h o l  
carbon,  and by f a r  the  lowes t  H/C r a t i o ,  showing p r e f e r e n t i a l  d e s t r u c t i o n  of a l i p h a t i c  
m a t e r i a l .  
b u t  t h e  l a t t e r  product  has t h e  h ighe r  H / C  r a t i o ,  i n d i c a t i n g  p r e f e r e n t i a l  l o s s  of a romat ic  
material. I n  o x i d a t i o n s  of t he  py r id ine - so lub le  e x t r a c t ,  n e i t h e r  ox ida t ion  8 o r  2 1  

( 4 )  Composition of Black Acids .  A s  has  been shown e lsewhere  (31 ,  the  e x t e n s i v e  

A N a O C l  p roduc t  l i k e  20 and the DMSO product  11 are a lmost  i d e n t i c a l  by NMR, 
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r e s u l t e d  i n  much change i n  H / C ,  a t  least  p a r t l y  because  o f  low loss of C O z .  
MECHANISMS.-- Oxida t ions  i n  py r id ine  of bo th  py r id ine -ex t r ac t ed  c o a l  and the TIPS 

f r a c t i o n  of t h e  e x t r a c t  w i th  f r e e - r a d i c a l  i n i t i a t o r  and added t-BuO,H ( t o  r e s t r i c t  
t e rmina t ion  r e a c t i o n s  t o  t-Bu02. r a d i c a l s )  ( 2 )  is  slow, incomple te ,  and i n e f f i c i e n t  i n  
c l eav ing  c o a l  molecules  o r  f r agmen t s . In  the  convent iona l  f r e e  r ad ica l - cha in  mechanism, 
t h e  -CH.- and -CH.O- l i n k s  are much less r e a c t i v e  than  t h e  hydroaromat ic  and po lynuc lea r  
s t r u c t u r e s  ( 5 ) .  

by Kapo and Ca lve r t  ( 6 )  appea r s  t o  he  a p p l i c a b l e  t o  our o x i d a t i o n s  i n  wi th  K-0-t-Bu. 
The i n i t i a t i n g  s t e p s  a r e :  

The mechanism proposed f o r  t he  o x i d a t i o n  of c o a l s  i n  aqueous NaOH at 50 t o  100°C 

RH + K-0-t-Bu .+ R- + t-BuOH + K +  
- 

R- i O2 .+ R *  + 02- 
The two-step cha in  c y c l e  i s  then: 

R* + O2 .+ RO,. 

ROz. + R- + RO1- + R. 

b u t  each  c y c l e  a l s o  r e q u i r e s  a n  equ iva len t  of  base  i n  the  product ion  of t he  r e q u i r e d  
R- by t h e  f i r s t  i n i t i a t i n g  s t e p .  
is: 

The n e t  r e s u l t  f o r  the  i n i t i a l  s t a g e  of t h e  o x i d a t i o n  

RH + K-0-t-Bu + 0 2  -f R O l K  + t-BuOH 

However, f o r  breakage of C-C bonds,  f u r t h e r  and more complicated s t e p s  are r e q u i r e d .  

t o  a t t a c k  by N a O C l  a t  pH 13. 
t i o n s  w i t h  s t r o n g  base .  

v e r t e d  t o  s o l u b l e  m a t e r i a l  by c leavages  a t  e t h e r  and e s t e r  bonds, w i thou t  loss  of 
carbon, a t  o r  below 50°C. For  f u r t h e r  breakdown of connec t ing  l i n k s  i n  bo th  d i s s o l v e d  
and undisso lved  f r a c t i o n s ,  s e v e r a l  ox ida t ion  methods a r e  e f f e c t i v e  a t  30 t o  50°C. Aqueous 
NaOCl g i v e s  t h e  f a s t e s t  and most complete r e a c t i o n  and some of t h e  lowes t  l o s s e s  as C O z .  
34% n i t r i c  ac id  i s  most s e l e c t i v e  i n  a t t a c k i n g  a l i p h a t i c  m a t e r i a l  (connec t ing  l i n k s ) ;  
t h e  y i e l d  of b l ack  a c i d s  can  probably be improved by use  of more and s h o r t e r  o x i d a t i o n  
s t e p s  between s e p a r a t i o n s  of ox ida t ion  p roduc t s .  The h i g h e s t  s e l e c t i v i t y  i n  t h e  removal 
of a romat ic  material  w a s  i n  N a O C l  ox ida t ion  3 a t  pH 10,  b u t  w i t h  h igh  loss of carbon. 
Oxida t ion  w i t h  K-0-t-Bu i n  DMSO a l s o  appea r s  t o  remove aromat ic  material  p r e f e r e n t i a l l y  
b u t  the  change i n  H / C  r a t i o  i s  l i m i t e d  by low format ion  of C02. 

S e l e c t i v e  ox ida t ion  a t  low tempera tures  appears  t o  have g r e a t  p o t e n t i a l  for making 
c o a l  s o l u b l e  a t  low tempera tures  f o r  f u r t h e r  i n v e s t i g a t i o n ,  w i th  on ly  1 0  t o  20% loss 
of  ca rbon ,e i the r  by p r e f e r e n t i a l  d e s t r u c t i o n  of connec t ing  l i n k s  o r  of  key r i n g s  i n  
condensed systems (perhaps  l e a v i n g  most of t h e  a l i p h a t i c  connec t ing  l i n k s  i n t a c t ) .  A 
combination of F3C-COzH, H202, and H2SOs  i s  n o t a b l e  f o r  removing a romat i c  m a t e r i a l  from 
c o a l  (61, b u t  i t s  p o t e n t i a l  i n  making c o a l  s o l u b l e  w i t h  minimum loss of carbon is  un- 
known t o  us .  

We have proposed (3) t h a t  a romat ic  r i n g s  wi th  phenol groups a r e  most s u s c e p t i b l e  
S i m i l a r  r e a c t i o n s  may a l s o  be involved  i n  oxygen oxida-  

/ 

SUMMARY.-- The I n t r o d u c t i o n  showed t h a t  I l l i n o i s  No. 6 c o a l  can be l a r g e l y  con- 
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